One must know the mass of an object to accurately predict how it moves under the effect of an 14 applied force. Similarly, the brain must represent the arm's inertia to predict the arm's movements 15 elicited by commands impressed upon the muscles. Here, we present evidence suggesting that the 16 integration of sensory information leading to the representation of the arm's inertia does not take 17 place continuously in time but only at discrete transient events, in which kinetic energy is 18 exchanged between the arm and the environment. We used a visuomotor delay to induce cross-19 modal variations in state feedback and uncovered that the difference between visual and 20 proprioceptive velocity estimations at isolated collision events was compensated by a change in 21 the representation of arm inertia. The compensation maintained an invariant estimate across 22 modalities of the expected energy exchange with the environment. This invariance captures 23 different types of dysmetria observed across individuals following prolonged exposure to a fixed 24 intermodal temporal perturbation and provides a new interpretation for cerebellar ataxia.
INTRODUCTION
In a conference if you cannot understand the speaker due to excessive background noise or poor 27 acoustics, seeing her face would help you capture what she is saying. The evident explanation for 28 this experience is that the integration of information from multiple sensory modalities improves Figure 1B is a schematic illustration of the changes in the hand position 73 during stroke and recovery in the pong game with its delayed visual representation. If 74 proprioceptive and visual information are integrated continuously or periodically to estimate the 75 mass of the paddle, then the internal representation of the mass should remain unchanged at the 76 end of adaptation. This is because the mismatch between the two sensory measurements would 77 integrate to zero (integrating over the region indicated by the gray box in Figure 1B ) not only for 78 position, but also for all the higher derivatives. On the other hand, if sensory integration for mass 79 estimation occurs only at collision events, then this should result in predictable and systematic 80 changes in the mass representation depending on the difference between sensory measurements at 81 the time of events. To assess the changes in representation of mass, we asked participants to 82 perform reaching movements without feedback (in a feedforward fashion) before and after playing 83 pong. 85 We asked three groups of volunteers to make blind reaching movements to visual targets before 86 and after playing a simulated pong game holding a robotic manipulandum. After playing pong for 87 a few minutes without a delay, the game's response to the player's movements was delayed and 88 participants continued playing for ~40 minutes. We investigated the effects of adaptation on the 89 reaching trajectories. 90 Experiment I 91 The first group of participants played a frontal pong (FP, proximal-distal direction, Figure 1A) . 92 With practice, all subjects improved their performance. Since subjects were instructed to maximize 93 the number of collisions with the ball, hit rate was set as a metric for proficiency. A paired t-test 94 between the first and the last five minutes of the delayed pong, reveled a significant increase in the 95 number of hits per minute ( = 0.04). Notably, playing the delayed pong influenced the reaching 96 behavior. Figure 1C compares the endpoint of the reaches of a participant in this group before and 97 after adaptation. A systematic hypermetria in reaching was observed in all subjects after playing 98 the game (Figure 1D) . The magnitude of the movements was significantly larger following 99 adaptation (paired t-test, = 0.02). To further verify that the changes in reaching trajectories are 100 not a byproduct of interacting with the robot itself, a subgroup of the subjects in this group also 101 participated in a control experiment in which the game was not delayed. Expectedly, the 102 hypermetria was absent in this experiment (paired t-test, = 0.60). played a planar pong game in frontal direction using a robotic manipulandum. In addition to continuous 106 visual feedback, auditory and tactile feedbacks were provided simultaneously upon collisions with the ball. 107
84

RESULTS
After few minutes of familiarization, the game's response to the player's movements was delayed and 108 subjects continued playing the game in the delayed environment. Participants also performed reaching 109 movements without any continuous or terminal feedback before and after playing the pong. Objects and 110 labels in black were not visible to the subjects (B) A cartoon of the changes in the hand position during 111 stroke and recovery in the pong game and its delayed representation. If sensory integration occurs 112 continuously, then the reaching trajectories should remain unchanged after adaptation. Because the 113
difference between visual and proprioceptive information integrates to zero. However, if sensory 114 integration occurs only at collisions, this should result in predictable changes in the terminal position of the 115 reaching movements depending on the sensory measurements at collisions. (C) The endpoints of the 116 reaching movements of a typical subject before and after adaptation. (D) All subjects showed hypermetria 117
in the reaching movements after adaption. The hypermetria was absent in a subgroup who additionally did 118 the same experiment without the delay. Error bars represent one standard error of the mean. 119
One interpretation of these results would suggest that adapting to the delay changed the 120 representation of the mass of the object (paddle) being manipulated. In this case, hypermetria 121 would follow from assigning inertial values to the object that are higher than the actual value.
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However, there were multiple alternative interpretations including different kinematic models (see 123 the discussion section) that were similarly successful to explain this outcome. To consider these 124 alternative explanations, we designed a lateral pong game. The main objective of the lateral pong 125 was to create a scenario in which two groups play the game under similar kinematic conditions but 126 with paddles that possess different mechanical properties. To this end, we took advantage of the 127 passive dynamics of the robot.
128
Experiments II & III
129
In these experiments, we placed two pong courts next to each other and participants played a lateral when the delay was introduced. However, with practice both groups improved their performance 140 significantly at an equivalent level. A mixed-design ANOVA with practice as a within-subject 141 factor (2 levels) and group as a between-subject factor (2 levels) revealed a main effect of practice 142 ( (1,14) = 55, < 0.001), no effect of group ( (1,14) = 0.007, = 0.93) and no interaction 143 effect ( (1,14) = 2.1, = 0.17). While the learning rates and the level of performance were largely equivalent across the two 154 groups, the effect of adaptation on the reaching trajectories was strikingly different: the LPR group 155 demonstrated a large hypermetria on the right side (the training region) that generalized to a lesser 156 extent to the other side ( Figure 2C) , whereas the LPL group showed only a very small hypermetria 157 on both sides ( Figure 2B) . A two-way mixed ANOVA on change in the movement magnitude, 158 with reaching side as a within-subject factor (2 levels) and group as a between-subject factor (2 159 levels) revealed no significant main effect of reaching side ( (1,14) = 2.1, = 0.17). However, 160 there was a significant main effect of group ( (1,14) = 5.4, = 0.035). Additionally, there was 161 no significant interaction effect ( (1,14) = 2.1, = 0.17). Further within group analyses 162 indicated that there was a significant reduction of the overshoot as the LPR group performed 163 reaching movements on the left side and away from the training region (paired t-test, = 0.04).
164
This pattern was not present in the LPL group because this group demonstrated a very small 165 hypermetria on both sides that was not even significant on the training side (paired t-test, = 1).
166
Sensory integration at events explains individual differences 167 We have recently shown that when transporting an object carried by the hand, visual and trials -when vision and proprioception were congruent -reveals that, here as well, participants 173 adopted the energy-efficient strategy by hitting the ball, on average, at the time of peak velocity 174 ( Figure 3A) . 175 In adaptation trials, haptic (force impulse) and auditory feedback were also delayed. Therefore, as the schematic velocity profile of the visual and the proprioceptive paddles for a movement in the 180 hitting direction. For a hit that is happening at time 1 in this figure, the kinetic energy at collision 181 is related to the velocity of the proprioceptive and visual paddles as
Where , , and represent the effective mass of the robot, the velocity of the visual paddle, 
Under this hypothesis, discrete sensory integration at isolated collision events leads to a perceptual 197 illusory mass ̂, that hereinafter we refer to as "modified mass" and can be derived from equation
198
(2) at any hitting time: plot of all subjects that shows the dependence of their hypermetria on the average hitting time.
247
Indeed, there was a significant correlation between the timings of the hit in the pong game and 248 extents of overshoot in the reaching task among all participants ( = 5.6, = 0.03). Thus far, we 249 showed that sensory integration at events explains individual differences in all the three possible 250 categories.
251
Mass of the manipulated object explains group differences 252
The lateral groups played the game in the same direction with the same amount of delay and there 253 were no differences in performance and adaptation rate between the two groups. However, despite 254 the equivalence of the task in the right and left courts, the effect of adaption on the reaching 255 trajectories was asymmetric between these two groups at the end of the experiment. This 1.5kg, compared to the LPL group, whose paddle had the average effective mass of a 1kg. We 265 know from (3) that the modified mass is directly proportional to the mass of the object being 266 manipulated and therefore the larger hypermetria in the LPR group can be explained by the fact 267 that this group played with a paddle that had a larger effective mass than the LPL group.
268
Model predictions 269 In the previous subsections, we laid out the elements that explain different outcomes at an data. From these data, we computed the visual effective mass and the proprioceptive effective mass 275 at hits and combined them by using maximum-likelihood estimation to obtain the modified mass.
276
Next, we predicted the outcome of blind reaching movements after pong. To this end, we added 
320
The results from the lateral pong experiments allowed us to rule out these alternative possibilities.
321
Two groups of participants played the game with identical kinematics while holding simulated 322 paddles with different inertial mass. After adaptation, they exhibited a significantly different 323 pattern of reaching performance suggesting that the mass of the paddle is a factor affecting the 324 results. This asymmetric outcome eliminates the class of kinematic models including the scaling 325 model. The free parameters in the mechanical equivalent model are also derived using the 326 kinematics (position, velocity, and acceleration) of the object and its delayed representation.
327
Therefore, this model also predicts an equal additional mass to be perceived by the groups.
328
Moreover, none of these models can account for individual differences among the participants.
329
Finally, we showed that a simple event-based estimation model can account for all the features of these events provides a more accurate and reliable perception of the environment. In this study, 345 we have provided experimental evidence to suggest that the nervous system exploits this 346 opportunity by limiting the context estimation to sensory information provided at multimodal 347 events.
348
When reaching to grasp objects, the brain predicts the sensory consequences of contacts and 
379
We propose that the features that we discussed so far regarding context estimation can be 380 generalized to state estimation. Ariff and colleagues (Ariff, Donchin et al. 2002 ) designed an 381 experiment in which they asked participants to track with their eyes the location of their own 382 unseen hand during reaching movements and they found a proactive gaze behavior with gaze 383 leading the hand. In this task, forwards models and proprioceptive feedback were combined to 384 estimate the state of the hand and eye movements were served as a proxy for the estimation process.
385
An important observation in this study -for our purposes here -is that rather than pursuit eye random. Therefore, even in simple and familiar reaching movements, the task demands for 389 continuous state estimation could not be satisfied.
390
The role of cerebellum in event prediction and formation of forward models 391 The adaptive learning mechanism in the cerebellum (Marr and Thach 1991) makes it an ideal 392 substrate for generating forward models. There is growing body of evidence from studies on The experiment consisted of two tasks: playing a pong game and executing reaching movements.
433
In the pong game, the ball movement was confined to a rectangular court and participants were 434 instructed to hit the ball towards a side that was distinguished by a different color (green sides in In the reaching phase, the screen turned black and a circular target appeared on the screen. (Figure 1A) . After two minutes, the game was delayed for = 80 and participants played the 460 delayed game for ~40 minutes. The delay was applied across all the visual, haptic, and auditory 461 channels. In reaching tasks, participants performed 45 reaching movement in a random order to 462 three targets that were placed at 0.14 from the starting position and were separated from each 463 other by 45° (Figure 1A) . A subgroup of participants in this experiment (n = 5), also participated 464 in a control experiment in a separate session where they played the game for ~20 minutes but 465 without the pong being delayed. The order in which these participants performed the delayed and 466 non-delayed game was randomized.
467
In the two other experiments, participants played pong in lateral direction. Two pong courts where 468 juxtaposed next to each other (Figure 2A) in such a way that their intersection was along the ( = 120  ) . However, the reaching 474 tasks before and after pong were identical across these two groups, we duplicated the same pattern 475 of targets that was used in the first experiment and placed one in each court (Figure 2A) . 476 Therefore, participants in these two groups performed reaching movements to six targets (three in 477 each court) from two corresponding starting positions (one in each court). Each movement was 478 repeated 5 times in a random order. The unit velocity vector is ̇= [cos sin ] and is the angle between the direction of motion 492 and the x-axis. Therefore 493 =̇( −1 ( )) ( ) −1 ( )̇ (7) 494 Where is the Jacobian matrix. To predict the outcome of blind reaching movements after pong 495 we extracted the configuration of the robot, the velocity of hand ( ) and its delayed representation 496 ( ) at hits from the pong data during the last five minutes of adaption for each individual. From 497 these data, we computed the effective visual mass ( = ) and the effective proprioceptive 498 mass ( = 2 2 ) of the robot. Next, we integrated these sensory information using maximum- Where 2 and 2 represent the variance of the effective visual and proprioceptive masses at hits.
502
The perceived mass is therefore different from the actual effective mass of the robot. We called 503 this difference the modified mass ( ̂= ( ) − ).
504
Finally, we added the modified mass to the simulated model of the robot and computed the inverse 505 dynamics for preplanned minimum jerk (Flash and Hogan 1985) trajectories to the targets. We 
